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Doping Effects on the two-dimensional Spin Dimer Compound SrCu 2 (B03)2 
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A series of compounds Mo.iSro.gCu2(BC>3)2 with Sr substituted by M=A1, La, Na and Y were 
prepared by solid state reaction. XRD analysis showed that these doping compounds are isostruc- 
tural to SrCu2(BC>3)2- The magnetic susceptibility from 1.9K to 300K in an applied magnetic field 
of LOT and the specific heat from 1.9K to 25K in applied fields up to 14T were measured. The spin 
gap is deduced from the low temperature susceptibility as well as the specific heat. It is found that 
the spin gap is strongly suppressed by magnetic fields. No superconductivity is observed in all four 
samples. 

PACS numbers: Valid PACS appear here 






I 

C 

o 
o 



> 

o 

CO 

o 
o 

^— » 
03 



i 

C 
O 
o 



X 



I. INTRODUCTION 

During the past few years, a number of novel quan- 
tum spin systems have been discovered experimentally. 
Among them, the spin ladder compounds, such as 
SrCu203 [l| and CaV20s Q, and the dimerised spin 
ap compound SrCu2(BC>3)2 found by Kageyama et al. 
in two dimensions have attracted great attention re- 
cently. SrCu2 (1303)2 was first synthesized by Smith et al. 
J4J . It has a tetragonal unit cell with lattice parameters 
a = b = 8.995A and c = 6.649A at room temperature. In 
this compound, Sr and CUBO3 planes are stacked along 
the c axis alternatively. In the CUBO3 plane, a neighbor- 
ing pair of rectangular planar CUO4 forms a spin dimer 
and the dimers are interconnected by triangular planar 
BO3. The two-dimensional coordinates of the Cu 2+ spins 
were shown in Fig. 1. 

Miyahara et al. |5| found that the in-plane coupling 
of spins in this system is topologically equivalent to that 
in the Shastry-Sutherland model 6] and the magnetic 
properties of SrCu 2 (B0 3 )2 can be well described by this 
model. The Shastry-Sutherland model is a special case 
of the frustrated Heisenberg model defined by the Hamil- 
tonian 



H=J^2s i Sj + jf^2s i S j 



(1) 



where nn (nnn) stands for the nearest (next-nearest) 
neighbor spins, and J (J ) stands for the next- 
nearest inter-dimer (intra-dimer) coupling. The Shastry- 
Sutherland model corresponds the case J/ J' < 0.68 0,13, 
whose ground state is a dimerised spin singlet. In the 
limit J J J 1 — > or J/ J' — > 00, the ground state of the 
frustrated Heisenberg model is antiferromagnetically long 
range ordered and low-lying spin excitations are critical. 
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FIG. 1: Lattice structure of the Cu 2+ spins of SrCu2(B03)2. 
The nearest-neighbor bonds are represented by solid lines and 
the next-nearest-neighbor ones by dashed lines. 



In the intermediate J/ J' regime, the ground state be- 
comes non-critical and the spin excitations are gapped. 
With decreasing J/ J', a phase transition from a gapless 
to a gapped spin singlet state is shown to take place at 
a critical value (J/ J ) c ~ 0.7_p,L|- The ratio of J/ J in 
SrCu2(B03)2 is about 0.68 Q, a little bit smaller than 
the critical value. This suggests that the ground state of 
SrCu2(BOs)2 is in a spin-gapped state. 

Recently, Shastry and Kumar studied the doped 
Shastry-Sutherland system from the RVB theory of the 
t-J-like model. They found that the Mott-Hubbard 
gap will collapse upon doping, and the pre-existing spin 
airs will propagate freely, leading to superconductivity 
Similar conclusion was reached by Kimura and co- 
workers. However, they found that superconductivity is 
more favored around the quarter filling rather than the 
half filling 0. 
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unchanged. 

The magnetic susceptibility and the specific heat mea- 
surements were performed in commercial Quantum De- 
sign PPMS. The susceptibility was measured using a vi- 
brating sample magnetometer. The specific heat was 
measured using the relaxation method. The field depen- 
dence of thermometer and addenda was carefully cali- 
brated before the specific heat was measured. 

All doped materials Mo.iSr .gCu2(B03)2 are insula- 
tors. Their resistances are all above 200MJ7 at room 
temperature. 



III. RESULTS AND DISCUSSIONS 



FIG. 2: XRD patterns for M .iSro.9Cu2(B0 3 )2 (M=A1, La, 
Na and Y) and SrCu2(BOa)2 poly crystalline compounds. 



In this paper, we report the magnetic susceptibility 
and specific heat measurements on the dimer compounds 
SrCu 2 (B0 3 ) 2 and M .iSr . 9 Cu2(BO 3 )2 (M=A1, La, Na 
and Y). The spin excitation gaps of M .iSr .9Cu2(BO3)2 
are deduced from the low temperature data and found 
to be close to that of SrCu2 (B03)2- The gap is strongly 
suppressed by the applied fields. However, no supercon- 
ductivity is observed in these systems. 



II. SYNTHESIS AND EXPERIMENTAL 
DETAILS 

The polycrystalline materials SrCu2 (603)2 and 
Mo.iSro.9Cu 2 (B0 3 )2 with M=A1, La, Na and Y were syn- 
thesized by solid state reaction. Stoichiometric amounts 
of high-purity SrC0 3 , CuO, B 2 3 , Y 2 3 , La 2 3 , NaO 
and AI2O3 powders were ground and mixed, then pressed 
with a pressure of lOMPa into pellets and heated in air 
at 830 °C for 4 hours. The resulting pellets were then 
reground, repelletized and sintered at 870 °C in oxygen 
atmosphere for one week. 

X-ray diffraction measurements (XRD) were car- 
ried out on powder samples of SrCu2(B03)2 and 
M .iSro.9Cu2(B0 3 )2. Fig. 2 shows the XRD patterns 
for all samples. The patterns indicate that they are all 
single-phase products. From the precise position of 29, 
the lattice parameters were obtained and shown in Ta- 
ble 1. The in-plane parameters a and b of all the four 
samples Mo.iSro.gCu2(B03)2 and c of La and Na substi- 
tuted samples are almost unchanged in comparison with 
SrCu2(B03)2- However, the c-axis lattice parameters c 
of Al and Y substituted samples are changed notably. 
This is because the ionic radius of La 3+ (1.06 A) and Na + 
(0.97A) are very close to that of Sr 2+ (1.12A), while Al 3+ 
(0.51A) and Y 3+ (0.89A) are considerably smaller than 
it. These results indicate that the doped elements are 
located between CUBO3 layers. It leads to the variation 
of interlayer spacing and leaves the CUBO3 plane almost 



Fig. 3 shows the magnetic susceptibility x=Af/i7 
as a function of temperature T for SrCu2 (603)2 and 
M .iSro.9Cu2(B0 3 )2 in an applied field of LOT from 1.9K 
to 300K. For all samples, \ follows well the Curie- Weiss 
law in high temperatures. A broad peak appears around 
15K. In low temperatures, a spin gap opens and \ drops 
sharply below 10K (Fig. 4). Below 4K, a small Curie- 
Weiss-like upturn is observed. This upturn is the contri- 
bution of magnetic impurities or defects [3j . 

The excitation gap A can be determined from the tem- 
perature dependence of x m low temperatures. In gen- 
eral, the low-lying spin excitation spectrum around the 
gap minima has approximately the form 10, 11]: 



e{k) ~ A + a (k - Q ) 



(2) 



where Qo is the vector where the minimum gap is located. 
In the limit T <C A, it can be readily shown that the spin 
susceptibility and the specific heat are respectively given 
by 



X 



exp(-A/T), 



C ~ -exp(-A/T). 



(3) 

(4) 



4.0 
3.5 

3.0 
2.5 
2.0 

1.5 

1.0 
0.5 
0.0 



- 










- 


- 










— n— Sr 


- 




^x 






-»-Al 


- 


i 








— «— Na 
— v— La 
— ♦— Y 










■ 


- 








°~°^ 


§SSgS -_ 




; 








■ 



50 



100 150 200 
X Axis Title 



250 300 



FIG. 3: Temperature dependence of the magnetic sus- 
ceptibility in M .iSro.9Cu 2 (B03)2 (M=A1, La, Na, Y) and 
SrCu2(BOa)2 polycrystalline compounds in a field of LOT. 



Adding the contribution from magnetic impurities or de- 
fects and the contribution from ion cores, the total sus- 
ceptibility in low temperatures can be expressed as 



X 



C" 



T 



7 + aexp(-A/T) + X o. 



(5) 



The first term on the right hand side is the contribution 
of magnetic impurities and 9' is the Curie temperature. 
The last term is the diamagnetic contribution from ion 
cores. 

The low temperature susceptibility data can indeed be 
described by Eq. (JSJ). Our fitting curves are shown by 
solid lines in Fig. 4. The values of Xo> C and A are 
listed in Table 1. The spin gap is 21. 5K for SrCu 2 (B0 3 ) 2 , 
consistent with the result of Kageyama Q • By compari- 
son with SrCu2(B03)2, we find that the spin gap is sup- 
pressed by doping. The suppression of the energy gap is 
most apparent for M = Y and La samples. The spin gap 
in the La doped material is only 14. IK. 

The Curie-tail in the magnetic susceptibility is 
more pronounced in the Al doped compound than in 
SrCu2(B03)2 and other doping systems. A probable 
cause for this is that part of Cu 2+ within the CUBO3 
plane was replaced by Al 3+ and the dimerized Cu spin 
structure was distorted, leading to the large susceptibility 
upturn in the low temperature regime. 

In order to further understand both the ground states 
and low-lying excited states, we measured the specific 
heat of Mo.iSr .9Cu2(B0 3 )2 with M=Y, La and Al from 
1.9K to 25K in applied fields up to 14T. The specific heat 
C divided by temperature T, C/T, is shown in Fig. 5. 
For all three samples, a peak in C/T at around 7.5K is 
observed clearly in zero field, and the peak is suppressed 
to lower temperatures in applied fields. For an example, 
for Yo.iSr .gCu2(B03)2, the peak positions for H=0T, 
7T, 11T, 14T are, 7.4K, 6.8K, 6.2K, 6. IK, respectively. 
They are very close to the values for SrCu2 (603)2 re- 
ported previously EHHQ- Above 13K, C/T gradu- 
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FIG. 4: Susceptibility \ versus temperature T below 20K for 
M .iSro.9Cu2(B0 3 )2 (M=A1, La, Na, Y) and SrCu 2 (B0 3 ) 2 
compounds. The solid lines are fitting curves with Eq. 0. 



ally increases with increasing T since the phonon contri- 
bution becomes the dominant part of total specific heat. 
Comparing the magnetic susceptibility x and the C/T at 
zero field, we find that the peak position of \ is about 
twice the peak temperature of C/T. This is due to the 
fact that x is a measure of two-particle excitations, while 
IT is only a measure of one-particle density of states 



In low temperature regime, the specific heat is a sum 
of the contribution from low-lying magnetic excitations 
and the contribution from phonons. The latter is pro- 
portional to T 3 . Thus the low temperature specific heat 
can be expressed as: 



C=^cxp(-A/T)+f3T i . 



(6) 



By fitting the experimental data with the above equation 
below 7K, we obtained the gap value A in different H 
(Table 1). As shown in Fig. 6, A drops linearly with H. 
This linear field dependence of A can be explained by the 
Zeeman splitting of excited triplet levels (S=l). From 
the gap value determined from the specific heat data, 
we find that A is suppressed most markedly in the La- 
doped sample, in agreement with the susceptibility data. 
For the Al-doped sample, the peak value of the specific 
heat is much less than those of other samples. It suggests 
that the Al doping can suppress most strongly low lying 
spin excitations in the CUBO3 planes in comparison with 
other samples. 




Y 0, Sr 0. 5 CU 2 ( BO 3) J 



L \, Sr „ C V BO A 



A1 „ S r., C " 2 ( BQ 3>z 



*««efgf^ 



□ 


0T 


A 


7T 


O 


11T 


V 


14T 



10 15 

T(K) 



20 



25 



FIG. 5: C/T for Mo.iSr .9Cu2(B0 3 )2 (M= Y, La and Al) 
polycrystalline compounds measured at H—0, 7, 11 and 14T. 



TABLE I: Values of lattice parameters (a, b, c), the diamagnetic susceptibility of ion cores xo, C and A for SrCu2(BOa)2 and 
Mo.iSro.gCu2(B03)2. A 1 and A 2 represent the spin gap deduced from the susceptibility and specific heat data, respectively. 
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with M=Y, Al and La are about 27K, 22K and 20K, less 
than that for SrCu2(B03)2, consistent with our suscep- 
tibility measurements. However, the spin gap estimated 
from the susceptibility measurements is about 10K less 
than that from the specific heat measurements. 

Recently, electron or hole doping effects on 
SrCu2 (B03)2 were investigated by a number of au- 
thors. Zorko et al. [T|| investigated the doping effect 
by immersing SrCu2 (603)2 into Li-NH3 solution. 
They found that the doping did not change much the 
magnetic susceptibility behavior, in agreement with our 
observation. The substitution of Sr by La or Ba was 
tried by Zorko and Arco n Il9l| and by Choi et al. |20| . 
respectively. Zorko et al. [13 also tried to substitute Cu 
by Mg. However, no superconductivity was observed in 
these doped systems. 



FIG. 6: Spin gap A(_ff) versus field H for 

Mo.iSr .9Cu2(B0 3 )2 with M=Y, La and Al. The solid 
lines are linear fits to the data points. 



Kageyama and co-workers |3j, Il2j | measured the mag- 
netic susceptibility, Cu NQR, and inelastic neutron scat- 
tering spectra of SrCu2 (603)2- From the susceptibility 
data, it was found that the spin gap is ~19K, in agree- 
ment with our value of the spin gap, ^21K, obtained by 
the same kind of measurement. However, the spin gap 
estimated from the other measurements is larger than 
that from the susceptibility. A estimated from the Cu 
NQR and the inelastic neutron scattering measurements 
are about 30K and 34K, resp ective ly. The spin gap esti- 
mated from specific heat [l5| , ESR [16| and Raman scat- 
tering 17] measurements agrees with that from inelastic 
neutron scattering measurements. Our specific heat re- 
sults show that the spin gaps for Mo.1Sro.9Cu2 (BOs)2 



IV. CONCLUSIONS 

In conclusion, SrCu2(B03)2 and Mo.iSr .gCu2(B03)2 
with M=A1, La, Na and Y polycrystalline samples were 
successfully prepared by solid state reaction. XRD anal- 
ysis showed that these doping compounds are single- 
phased with similar structure as for SrCu 2 (603)2- The 
spin gap is suppressed by doping. However, there is no 
superconductivity observed in the four doped samples. 
The doping effects on SrCu2 (603)2 need to be further 
investigated. 
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